VacA is a pore-forming cytotoxin produced by Helicobacter pylori in several strain-specific isoforms, which have been classified in two main families, m1 and m2, according to the sequence of a variable "midregion." Both forms are associated with gastric pathologies and can induce vacuolation of cultured cells. The comparison of two representative toxins, m1 17874 and m2 9554, has indicated that the m2 form is less powerful in vacuolation assays and that its effects are more strongly cell type dependent. To rationalize these differences and to investigate structure-function relationships in this toxin, we have compared the properties of the channels formed by these two variants and by a construct derived from 17874 by deleting a loop that connects the two toxin domains, which is shorter in 9554 than in 17874. Although the channels formed by all three proteins are similar, m2 9554 channels have, on average, a lower conductance and are less anion-selective and more voltage-dependent than the m1 pores. Furthermore, the rate of incorporation of 9554 VacA into planar bilayers depends on lipid composition much more strongly than that of 17874. The comparison with the behavior of the loop deletion mutant indicates that this latter property, as well as a portion of the conductance decrease, may be attributed to the reduction in loop length. The differences in pore properties are proposed to account in part for the different cytotoxicity exhibited by the two toxin isoforms. We furthermore present evidence suggesting that the conformation of the membrane-embedded toxin may be influenced by the lipid composition of the membrane itself.
INTRODUCTION
Helicobacter pylori is believed to be a major causative agent of human peptic disorders including chronic gastritis and ulcers (Warren and Marshall, 1983; Marshall et al., 1985; Morris and Nicholson, 1987; Cover and Blaser, 1996; Parsonnet, 1998; Montecucco and Rappuoli, 2001) . VacA, a secreted toxin, can induce the formation of large vacuoles in cultured cells (Leunk et al., 1988; Cover and Blaser, 1992; Montecucco et al., 1999a,b) , and is believed to play an important role in the generation of epithelial damage. The mature form consists of an N-terminal (p37) and a Cterminal (p58) domain, linked by a protease-sensitive loop. In solution it forms hexa-or heptameric oligomers, as well as the corresponding dodecamers and tetradecamers (Lupetti et al., 1996; Cover et al., 1997; Lanzavecchia et al., 1998; Burroni et al., 1998) , which dissociate at low Cover et al., 1997) or high (Yahiro et al., 1999) pH values. This activating treatment enables the toxin to insert into phospholipid bilayers, where it is also present as oligomers (Molinari et al., 1998; Vinion-Dubiel et al., 1999; Pagliaccia et al., 2000) , forming low-conductance, anion-selective, voltagedependent channels (Tombola et al., 1999a; Iwamoto et al., 1999; Szabò et al., 1999) . Vacuolation, as well as VacAinduced permeabilization of polarized epithelia, is linked to the activity of these channels (Tombola et al., 1999a,b; Szabò et al., 1999) . Our current mechanistic model for cell vacuolation envisions VacA binding, channel formation and internalization via the endocytic pathway. The presence of anion-selective channels in late endosomes stimulates the electrogenic V-ATPase with consequent accumulation of HCl, and, in the presence of permeable amines, of osmotically active ammonium salts. The ensuing swelling presumably primes the endosomes for Rab7 (Papini et al., 1997) and Rac1 (Hotchin et al., 2000) -dependent fusion and vacuole formation.
The vacA gene is polymorphic (Atherton et al., 1995 (Atherton et al., , 1999 Cover, 1996) . The most variable region corresponds to an ϳ300-amino acids midregion in the p58 domain ("m region"). The various m sequences have been grouped into two families of alleles, m1 and m2. Both types are pathogenic, but m2 toxins have a limited vacuolating activity on HeLa and on nonpolarized MDCK cells Pelicic et al., 1999) . On other cell lines, such as RK13 and primary human cells from gastric biopsies, both m1 and m2 forms are effective, but the latter is approximately four times less powerful on a molar basis . This different sensitivity has been rationalized in terms of differences in cell-toxin interaction. The two types of toxin are proposed to have distinct receptors, both of which would be present, e.g., on RK13 cells, whereas HeLa cells would expose only the m1-specific receptor.
Structural studies on the two toxin types, performed with the m1 forms 17874 and 60190 and with m2 9554, indicated that both types exist as oligomeric "rosettes" in solution. 17874 and 60190 can form both heptamers (ϳ70 and 20%, respectively) and hexamers (Lupetti et al., 1996; Lanzavecchia et al., 1998; Czajkowsky et al., 1999) . Only hexamers have been reported for mica-adsorbed 9554 (Cover et al., 1997) . VacA 60190 seems to form only hexamers after dissociation and insertion into a supported lipid bilayer . The proportion of heptamers and hexamers appears to be related to the length of the loop connecting the p37 and p58 domains: the loops of 60190 and 9554 are shorter than that of 17874 by eight and five amino acids, respectively. When 16 amino acids are deleted from the loop of 17874 the percentage of heptamers drops from 70 to 20%, whereas a complete (46 residues) loop deletion leads to the exclusive formation of hexamers by the resulting m1del46 protein .
Prompted by the finding that the cytotoxic properties of VacA are due to pore formation, we have extended the comparison between m1 and m2 forms to their electrophysiological properties to verify whether any correlation exists between possible differences in ion conduction and the different vacuolating power of the toxins and to obtain data for a structure-function correlation for the channel. To test the possibility that the length of the interdomain loop may influence channel properties, we have investigated also the properties of m1del46. Because all three toxin forms cause vacuolation, we expected them to produce channels with qualitatively similar properties.
MATERIALS AND METHODS
VacA forms m1 17874, m2 9554 , and m1del46 were purified as previously reported and stored at 0 to 4°C in phosphate-buffered saline (PBS) or 150 mM NaCl, 20 mM Hepes/Na, pH 7.0. Purified rabbit anti-VacA m1 17874 polyclonal immunoglobulin G (IgG) was from Chiron (Siena). Its affinities for m1 17874 and m1del46 (see Fig. 3 A) were compared by a modified enzyme-linked immunosorbent assay conducted in parallel. Briefly, a fixed amount (0.35 g in 40 l of PBS) of the toxins was seeded on 96-well plates and allowed to become absorbed overnight. After saturation with bovine serum albumin, fixed volumes of IgG solutions of variable concentrations were added and allowed to stand for 4 h at 37°C. The toxinantibody complexes were exposed to secondary peroxidase-conjugated goat anti-rabbit antibodies (Calbiochem, San Diego, CA) for 1 h at 37°C. Reaction with o-dianisidine/H 2 O 2 (Sigma, Milan, Italy) reagent was started, and the absorbance (405-540 nm) was measured after 5 min using a Packard SpectraCount and corrected for the corresponding blank (same procedure, no VacA) value. To measure binding of the toxins to HeLa cells by cytofluorimetry (see Fig. 3 B) , the cells were detached when at 80% confluence by EDTA treatment. Aliquots (5 ϫ 10 5 cells) were suspended in 100 l of PBS and exposed to preactivated toxin (1 g/ml) for 1 h at 4°C. The procedure of Massari et al. (1998) was then followed, using a saturating concentration of anti-VacA antibodies (20 g/ml). Secondary fluorescein isothiocyanate-labeled goat antibodies were from DAKO (Glastrup, Denmark). A total of 1 ϫ 10 4 gated events per sample were collected using a Coulter flow cytofluorimeter.
Planar bilayer experiments were conducted as previously reported (Tombola et al., 1999a (Tombola et al., ,b, 2000 . In all experiments the toxin was preactivated by incubation in PBS/HCl, pH Ϸ 2, 37°C for 8 min immediately before being added to the bilayer apparatus chamber. Toxin was added into the compartment (cis) containing the active electrode, whose voltage relative to ground is reported. Currents (cations) flowing from the active to the ground electrode are defined as positive and plotted upwards. Diphytanoyl-phosphatidylcholine (DPhPC), phosphatidylcholine (PC), and phosphatidylethanolamine (PE) were from Avanti Polar Lipids (Alabaster, AL). Phosphatidylinositol (PI), phosphatidylserine (PS), phosphatidic acid (PA), and poly-L-lysin hydrobromide (molecular mass, 70 -150 kDa) were from SIGMA (Milan, Italy). Soybean asolectin was either from SIGMA, type IIS, or from Avanti. Sources and stock solutions of inhibitors were as reported by Tombola et al. (1999b) . The standard experimental medium was 500 mM KCl (2 M KCl for single-channel recordings), 0.5 mM CaCl 2 , 0.5 mM MgCl 2 , 10 mM Hepes/K, pH 7.2 (referred to below as "500 mM KCl" or "2 M KCl"). For reversal potential determinations the [KCl] gradient was 390 (cis): 100 (trans) mM. Rates of transmembrane current development were measured as previously (Tombola et al., 1999a) . "Instantaneous" rectification ratios (͉I ϩ /I Ϫ ͉ or ͉I Ϫ /I ϩ ͉) are defined as the absolute value of the ratio of the transmembrane current amplitude measured at a given potential over that measured at the opposite (same magnitude, opposite polarity) voltage. They were determined by applying trains of brief (seconds) square pulses of voltage of alternating polarity and increasing magnitude, separated by comparable periods at zero potential. When appropriate, current amplitudes measured in multichannel experiments were corrected for ongoing toxin incorporation as described (Tombola et al., 1999a) .
K D values for the inhibitors used were calculated from the best fit of titration data according to the equation % rc ϭ 100 Ϫ P 1 /(1 ϩ K D /[L]), in which % rc stands for the percent residual current, [L] is the concentration of inhibitor, and P 1 is a fitting parameter, whose physical meaning is the maximal percentage of inhibition theoretically observable at an infinite concentration of inhibitor (Tombola et al., 1999b) . Each titration curve comprised at least five experimental points, each representing the average of at least three independent determinations. The approach of Tombola et al. (2000) was used to estimate the depth in the transmembrane electrical field (␦) of the binding site for 4,4Ј-diisothiocianato stilbene-2,2Ј-disulfonic acid in the m2 VacA channel. Briefly, estimates of the dissociation constant, K D , at various voltages can be obtained from the fit of plots of the parameter ⌽(͉V͉) versus [DIDS] cis (see Fig. 6 C in Results) according to the equation:
in which ͉I ϩ /I Ϫ ͉ is the rectification ratio measured at the given concentration of DIDS and absolute value of the potential, ͉I ϩ /I Ϫ ͉ 0 is the corresponding ratio in the absence of inhibitor, K D Ϫ and K D ϩ are the values of the dissociation constant at negative and positive potentials of absolute value ͉V͉, respectively. An estimate of ␦ was then obtained, adopting Woodhull's two symmetrical barriers model (Woodhull, 1973; Hille, 1992) , by fitting plots of K D versus V according to the equation:
In this equation the various b constants represent the rates of channel blocking ("on") or unblocking ("off") at zero voltage. For the "unblocking" reaction, different b constants characterize exit toward the cis compartment or in the opposite direction. b off cis and b off trans reflect both the intrinsic affinity of the binding site(s) for the ligand within the channel, and the kinetic parameters that characterize movement in one or the other direction, which are not equivalent because the channel is asymmetric (Tombola et al., 2000) . Because DIDS was present only in the cis compartment in the relevant experiments, no "on" reaction from the trans side was considered.
RESULTS
We have analyzed the electrophysiological properties of three VacA forms: the relatively well-characterized m1 17874, the representative m2 9554 form, and the construct obtained from the former by deletion of the loop linking the p37 and p58 domains (m1del46; Burroni et al., 1998) . Fig.  1 compares the sequences of the three proteins in the loop (1B) and m (1C) regions. These two regions together account for 74 to 83% of the total mutations and for 83 to 92% of the nonconservative mutations between m1 17874 and m2 9554 (ranges are given, rather than exact values, because the calculated percentages depend on the location of the C terminus of the isolated protein, which may vary because fragments of up to 15 KDa can be cleaved off the C-terminal domain (Nguyen et al., 2001) ). Thus, any functional differences between the isoforms are likely to be determined by the changes in the sequences in one or both of these regions.
As previously reported (Tombola et al., 1999a) , the formation of VacA 17874 channels in planar lipid bilayers is only slightly dependent on the composition of the membrane ( Fig. 2 C) . Fig. 2 , A and B, shows that m2 9554 and m1del46 exhibited a strong preference for asolectin over DPhPC. The behavior was the same if a 1:1 PC:PE mixture was used instead of DPhPC, and it did not change if 10% (w/w) PA, PI, or PS were mixed with DPhPC or PC:PE (data not shown). Thus, the observed behavior cannot be ascribed to the presence of negatively charged phospholipids in asolectin. Due to these properties, the multichannel experiments reported below were all conducted with asolectin membranes, whereas single-channel experiments were performed in DPhPC, to maximize the time available for the observation of a single channel before the appearence of a second one. Quantitative comparisons of rates of incorporation by different toxin forms are difficult, because these rates vary considerably from preparation to preparation and depend on the time elapsed from purification for unknown reasons.
A factor influencing the rate of m1 channel formation (transmembrane current development) is voltage: the rate of transmembrane conductance increase is higher at voltages negative on the side of toxin addition (cis) (Tombola et al., 1999a) . This was found to be the case also with m2 and m1del46 ( Fig. 2 D) . As indicated by the comparison with the instantaneous rectification ratios, the effect of voltage does not reflect only the intrinsic voltage dependence of the pores but indicates instead a specific effect of the electrical field on the incorporation of the toxin. Pagliaccia et al. (1998) investigated m2 9554 binding to HeLa cells and found it to be weak. A direct comparison with m1 17874 was made difficult by the fact that the available polyclonal antibodies versus the two forms crossreact poorly . The affinities for VacA 17874 and m1del46, instead, turned out to be nearly the same ( Fig. 3 A) , thus allowing the comparative evaluation of toxin binding by flow cytofluorimetry (Fig. 3 B) . Binding of VacA del46 turned out to be ϳ40% of that of its parent toxin ( Fig. 3 B, insert) . Vacuolation assays on the other hand revealed no statistically significant difference between the two toxins, confirming the previous report by Burroni et al. (1998) (data not shown).
As expected, the properties of the channels of the three types, as deduced from multichannel experiments, turned out to be similar, although not identical. Fig. 4 illustrates this for voltage dependence (A and B) and selectivity between K ϩ and Cl Ϫ (C and D). The voltage-dependence of VacA 9554 is somewhat steeper than that of 17874, whereas that of m1del46 is practically identical to that of its parent protein. The m2 form also appears to be less selective than 17874 with an average E rev of 27 Ϯ 2 mV and a calculated P Cl /P K ratio of 10 Ϯ 2 (the ratios reported are averages of the values calculated from the E rev of each of seven individual experiments) to be compared with an average E rev of 30.9 Ϯ 1.4 mV and an average P Cl /P K of 24 Ϯ 11 obtained for 17874 (n ϭ 18; Tombola et al., 1999a) . The difference is statistically significative (p Ͻ 0.01). On the contrary, the selectivity between Cl Ϫ and K ϩ displayed by m1del46 is not significantly different from that of 17874.
We compared the effectiveness of four VacA inhibitors, two "classical" blockers believed to follow an aqueous pathway into the channel (DIDS and 4-acetamido-4Ј-isothiocianato stilbene-2,2Ј-disulfonic acid (SITS)) and two amphiphilic compounds (5-nitro-2-(3-phenylpropylamino) benzoic acid (NPPB) and IAA-94). The results are reported in Table 1 . The constants characterizing the inhibition of the m1 form from the cis side, which had been previously determined using DPhPC as the membrane lipid (Tombola et al., 1999b) , were redetermined using asolectin to ensure homogeneity with the data pertaining to the other two toxin forms. The K D for NPPB changed only slightly, whereas those for the other three compounds increased somewhat upon switching to asolectin (e.g., K D DIDS, cis from 36 Ϯ 2 to 65 Ϯ 2 M). The effect of NPPB, DIDS, or SITS added on Pore formation is favored by negative voltages. The black histograms compare the ratios (⌬I/⌬t) Ϫ /(⌬I/⌬t) ϩ ((rate of current increase at Ϫ40 mV)/(rate of current increase at ϩ40 mV)) for the three toxin forms. The rates were measured as the slope of recordings similar to those in Fig. 1 , A through C in the semilinear portion of sigmoidal traces. The voltage was repeatedly switched between positive and negative values within each experiment. The values plotted are the mean Ϯ SE of five (m1), nine (m2), and eight (m1del46) determinations. The white histograms report the instantaneous current rectification ratios (͉I Ϫ /I ϩ ͉) at ͉V͉ ϭ 40 mV. In this case the means of 16 (m1 17874), 25 (m2 9554), and 10 (m1del46) determinations are reported. Membrane, asolectin; medium, symmetrical 500 mM KCl. Mean fluorescence values, calculated from curves such as those shown and corrected by subtracting the control value, were averaged and are plotted with mean Ϯ SE (n ϭ 4). Black column, 17874-exposed cells; white column, del46-exposed cells.
the trans side was also investigated. As expected (Tombola et al. 2000) , NPPB inhibited all three toxin forms to the same extent, irrespective of the side of addition. Twohundred micromolars SITS in trans did not inhibit current conduction by any of the three toxin forms. In the case of m1 VacA, the only one for which the comparison could be carried out, this was true when using either asolectin or DPhPC. However, DIDS behaved differently. As shown in Fig. 5 A, the inhibition of m1 VacA produced by 200 M DIDS decreased from 79% (cis) to 31% (trans) when the membrane was made of DPhPC, but from 73% to 4.5% if the membrane was formed by asolectin. m2 and m1del46 VacA, in asolectin, were inhibited by trans-side DIDS even less efficiently (% inhib Ͻ 2%) than m1 VacA.
According to the manufacturers, the major components of soybean asolectin are PC (ϳ24%) and PE (18%). PI (12%) and PA (4%) are the major acidic phospholipids with other negatively charged lipids present in undetermined lower amounts. To verify whether the low extent of inhibition by trans-side DIDS could be attributed to the presence of negatively charged lipids in asolectin, we performed experiments in which 200 M DIDS was added (trans side) to 500 mM KCl medium bathing m1 VacA-doped membranes made of PC:PE 1:1 or PC:PE 1:1 plus 20% (w/w) PI (Fig.  5 B) . DIDS inhibited current conduction by 25% (PCϩPE) and 16% (PCϩPEϩPI), respectively. We obtained a similar result using PS instead of PI (data not shown). Coherently, using asolectin, if 5 g/ml poly-lysine was added to the trans chamber to mask negative charges, inhibition by trans-side DIDS was approximately twice as high as that of the control experiments (no poly-lysine added). We also studied the influence of ionic strength by determining the K D for cis-side DIDS and m1 VacA in asolectin or DPhPC in symmetrical 0.1, 0.5, and 2 M KCl (Fig. 5 C) . In asolectin, the parameter dropped going from the least to the most concentrated solution. The values determined using DPhPC were in all cases lower than those obtained with asolectin. Interestingly, K D DPhPC remained approximately constant going from 0.1 to 0.5 M KCl but then decreased, much like K D asolectin , going from 0.5 to 2 M salt. Possible interpretations of these observations are presented in the discussion section.
NPPB produced a voltage-dependent, but side-of-addition independent block, which has been proposed to arise from partitioning of the amphiphilic compound into the lipid bilayer, voltage-independent diffusion from the lipid phase to the blocking site inside the channel, and voltagedependent efflux along the channel lumen (Tombola et al., 2000) . In the case of m1 VacA 17874, the analysis of the voltage dependence of the rectification ratio led to an estimate of ␦, the depth at which the binding site for NPPB is located in the transmembrane electrical field (Tombola et al., 2000) . We attempted a similar analysis on m2 VacA 9554 with the purpose of comparing the positions of the sites in m1 and m2 channels. As illustrated in Fig. 6 A, however, the slope of the curves relating the rectification ratio to ͉V͉ was less affected by NPPB in the cases of m2 VacA 9554 (curves 1, 1Ј) and of m1del46 (curves 2, 2Ј) than in that of m1 (curves 3, 3Ј). Whereas the behavior observed with m2 and m1del46 is qualitatively the same as with m1, the limited extent of variation and the relatively high uncertainty of the derived parameters prevented a meaningful quantitative analysis. However, the approach could be used to obtain an estimate of ␦ in the case of DIDS and m2 9554. Fig. 6 , B through D, presents the relevant plots. The fit of the K D versus V plot in Fig. 6 D according to Eq. 2 (see Materials and Methods) yields ␦ ϭ 0.19 Ϯ 0.03, close to the value obtained for m1 17874 (Tombola et al., 2000) . Thus, the binding site for DIDS appears to be located approximately in the same region of the channel in VacA m2 as in m1, suggesting a similar structure.
At the single-channel level, m2 9554 ( Fig. 7) and m1del46 (Fig. 8) are at least superficially similar to m1 17874 (see Tombola et al., 1999a) . All three toxins formed low-conductance channels with a bursting behavior. The gating associated with the fast kinetic mode was extremely rapid, and reliable measurements of the "instantaneous" current conducted could only be obtained using high (4 -5 kHz) filter corner frequencies and digitizing rates. The kinetics of the slow mode varied from experiment to experiment, and they were only slightly influenced by voltage (compare amplitude histograms at positive and negative voltage in Figs. 7 and 8) .
Channels with different conductances were formed at least by VacA 9554 and by VacA 17874. This is indicated by the variable position of the peaks of point current amplitude histograms produced by different channels under the same conditions (Fig. 7 J) and by direct observation of current traces. In several cases the histograms collecting the current conducted by the open, flickering channels required two Gaussians for an adequate fit. In traces recorded at high filter corner frequencies, lower conductance channels on rare occasions exhibited brief openings to relatively high current levels, close to those displayed by other single channels under the same conditions (data not shown). These observations suggest that the channels, once formed, can adopt different conductance states, and that transitions from one substate to the other can be infrequent. A comparison of the conductance of the various forms needs therefore to be statistical. Fig. 9 presents all the available single-channel chord conductance values for the three toxin forms, determined as the mean of the current amplitude histograms obtained from experiments performed under homogeneous conditions. A comparison of the plots indicates that 1) the spread of the conductance values is higher for 17874 than for the other two forms and 2) the average chord conductance of m1 VacA 17874 is higher than that of m1del46, which in turn is higher than that of m2.
DISCUSSION
The comparison of the electrophysiological properties of m1 and m2 VacA forms reveals pronounced similarities, suggesting that, as expected, the structures of the two pores and the features determining selectivity and voltage-dependence are largely the same. VacA 9554 appears to distinguish less efficiently than the m1 form between cations and anions, and to be slightly more voltage-dependent ( Fig. 4) , suggesting that the sequence of the m region contributes to determining these properties.
However, a clear-cut difference distinguishes VacA 9554 and m1del46 from m1 VacA 17874 in electrophysiological experiments. As illustrated in Fig. 2 , the former two incorporate readily into asolectin membranes but only very reluctantly into planar bilayers formed by DPhPC or PE:PC. m1 VacA 17874 also permeabilizes asolectin membranes more readily, but the difference is much less striking (Fig. 2  C) . What component(s) of asolectin is responsible for this selectivity remains to be determined. m1 VacA 60190 requires the presence of anionic phospholipids for incorporation Iwamoto et al., 1999) but experiments with mixtures of zwitterionic and negatively charged phospholipids showed that this could not be the explanation for the behavior observed in this study. Recent papers have indicated that interactions with glycosylphosphatidylinositol-anchored and/or (an)other (Yahiro et al., 1997 (Yahiro et al., , 1999 Padilla et al., 2000) membrane protein(s), and/or with heparan sulfate (Utt et al., 2001) , as well as "aspecific" interactions with the phospholipid bilayer (McClain et al., 2000) may be involved in VacA binding to cells. On the other hand, because the connecting loop is shorter or nonexistent, in all three strongly phospholipid-composition-selective toxins, and because this is the only difference between VacA 17874 and m1del46, a reasonable conclusion is that this structural detail of the protein is responsible for lipid selectivity in our experimental system. This "choosiness" might be associated with a greater structural rigidity, which would hamper the insertion into the membrane of a hydrophobic stretch in the absence of specific interactions. A candidate hydrophobic section is the N-terminal segment. Vinion-Dubiel et al. (1999) have re- ported that deletion of amino acids 6-27 in VacA 60190 results in a protein that oligomerizes, binds to, and is internalized by HeLa cells as well as the parent molecule but has no vacuolating activity and forms channels only with low efficiency. The 6-27 segment seems therefore important for membrane insertion. This hypothesis would also allow a rationalization of the results of de , who showed that the deletion of a few amino acids at the N terminus made the cytosolically expressed VacA 17874 unable to induce vacuolation. In our scheme, this would be attributed to the ensuing lack of insertion into intracellular membranes (late endosomes).
A further difference is brought to light by the observations at the single channel level. Whereas all three toxins can form channels of various sizes, those produced by m2 9554 have, on average, lower and more narrowly distributed conductances than those of m1 17874 (Fig. 9 ). As mentioned, the loop connecting the p37 and p58 domains in m2 9554 and m1 60190 is shorter than in m1 17874, and this is thought to lead to preferential hexamer formation. Thus, differences in channel conductance might, a priori, reflect differences in oligomer stoichiometry. Thus, we studied the m1del46 construct, which forms only hexamers . The single-channel conductances observed with this protein fall in a range intermediate between those of the 17874 and 9554 toxins (Fig. 9) . The average conductance of m1del46 channels is some 23% lower than that of m1 channels. Interestingly, if the percentage of hexamers is taken as 100% for m1del46 and 30% for m1, the channel cross-section is modeled as a regular hexagon or heptagon with a constant side length, and conductance is assumed to be proportional to its area, one calculates an expected decrease of the average conductance by the same amount. These observations suggest that heptamers (as well as hexamers) may form in membranes as well as in solution, producing channels with a somewhat higher mean conductance and more scattered individual values. Alternatively, the higher m1 conductances may arise from hexamers assembled in a different way than m1del46. Other factors evidently intervene to reduce the average conductance of the m2 toxin below that of m1del46. Because the vast majority of the sequence variations between m1 and m2 forms are concentrated in the m region, it is likely that the characteristics of this region are the major determinant of the conductance of VacA channels.
Our data show that the loop region influences average channel conductance and the propensity of the toxin to enter artificial lipid bilayers. Other recent findings Burroni et al., 1998; Ji et al., 2000) also indicate that it determines structural characteristics of the VacA channel, regulating the stoichiometry of the oligomers. Because m1del46 has essentially the same selectivity and voltage-dependence as the parent molecule (Fig. 4) , it seems clear that the length of the loop does not affect these properties, as would be expected of an exposed, domainconnecting strand. The rapid gating of these channels and the existence of various conductance states and of transitions between them imply a certain degree of flexibility of the structure. An influence of the length of the loop is suggested by the narrower distribution of m1del46 conductance values. Furthermore, in 2 of 14 single-channel experiments with this construct we have observed a well-behaved ϳ20 pS channel completely lacking the fast gating mode (data not shown).
The characterization of inhibition of the three toxin forms by four blockers (Table 1 ) did not reveal striking differences or clearly identifiable trends. Cis-side SITS inhibited m2 VacA 9554 somewhat better than m1 VacA 17874, whereas the opposite was the case for DIDS, NPPB, and IAA-94. The modest quantitative differences presumably reflect details of the interactions between the blockers and their binding sites and/or differences in the rates of entry/exit. Moreover, the similarity of ␦ DIDS values for m1 and m2 toxins confirms a substantial structural similarity. However, interesting aspects were brought to light by a study of the dependence of inhibition by DIDS on the side of inhibitor addition (the "polarity" or "asymmetry" of inhibition) and of the effect of membrane composition on it. This latter aspect could only be studied using m1 VacA 17874, because the other two proteins did not readily incorporate into nonasolectin membranes.
When DPhPC or PC:PE membranes are used, trans-side DIDS inhibits VacA to a still significant extent, although more weakly than when the blocker is added in cis (Tombola et al., 2000; Fig. 5 A) . We have tentatively attributed the lower extent of inhibition from the trans side to structural features of the channel (Tombola et al., 2000) . When the membrane is made of asolectin, however, trans-side DIDS is much less effective ( Fig. 5 A) . This lower effectiveness can be attributed in part to the presence of negatively charged lipids. In fact, the inclusion of 20% negatively charged lipids in PC:PE membranes reduced inhibition, and conversely, addition of poly-lysine to "mask" asolectin charges led to a partial reestablishment of the inhibitory power of trans-DIDS in that system (Fig. 5  B) . Membrane negative charges would be expected to reduce the effective concentration of DIDS, an anion, at the membrane-solution interface, because of surface charge effects. On the other hand, in 0.5 M KCl they would be expected to be "shielded" to a large extent. In fact, when DIDS was added on the cis side, the change from DPhPC to asolectin had only a minor effect ( Fig. 5 A) . Inhibition by 200 M cis-side DIDS was 1.1-fold higher in DPhPC than in asolectin, whereas the ratio was 6.8 for trans-side DIDS (Fig. 5 A) . When we tested the effect of salt concentration, the K D for cis-side DIDS increased considerably as the ionic strength was lowered. This increase occurred over the whole range of concentrations tested if the membrane was made of asolectin, but in the range 2 to 0.5 M KCl K D also increased by approximately the same factor when the lipid was DPhPC (Fig. 5 C) . Ionic interactions between negative charges on the cis-side portion of the protein and DIDS, rather than between charges on lipids and DIDS, might account for the K D changes at higher [salt] in these experiments.
These observations indicate that the low inhibition of asolectin-embedded VacA by trans-side DIDS, while linked to the presence of anionic lipids, does not merely reflect ionic interactions between membrane charges and the blocker. We propose, as a working hypothesis, that the origin of this behavior lies in electrostatic interactions between negative charges located on the trans-terminal end of the channel and negatively charged membrane lipids. These interactions would favor a conformation with a "more restricted" pore opening, thus limiting access of DIDS to the channel lumen and preventing inhibition. Because the inclusion of PI or PS in an otherwise neutral membrane had only a partial effect, we speculate that the effectiveness of these interactions may depend on details of the structure of the negatively charged membrane components.
Can the differences between m1 VacA 17874 and m2 VacA 9554 observed in electophysiological experiments account for the difference in cytotoxicity? Within the current model of VacA action (Tombola et al., 1999a; Montecucco and Rappuoli, 2001 ), a lower conductance and selectivity would be expected to make the m2 isoform less powerful a vacuolation agent, mimicking the effect of a partial inhibition of the channels (Szabò et al., 1999) . The role of the loop in the cellular model or in vivo is less clear and appears to be minor. Our data suggest a possible role of this portion of the molecule in determining binding to cells at least under some circumstances ( Fig. 3 ) but provide no evidence of an effect on the vacuolation process. The apparent discrepancy between effects on binding and on vacuolation needs to be clarified, but it may be considered to support the notion that only part of the membrane-associated toxin, bound to receptors and thus more readily internalized, is involved in vacuolation (McClain et al., 2000) . The further assumption would be required that this "productive" binding depends on the sequence of the m region, but not, or not markedly, on the length of the loop.
In conclusion, we propose that in VacA 17874-specific sets of amino acids in the m region increase the toxin's vacuolating power with respect to m2 isoforms by influencing not only binding but also average conductance, selectivity, and voltage-dependence of the channel.
